Introduction
The first reports dealing with in vitro somatic embryogenesis in grapevine arise from the late 1970s (Hirabayashi et al. 1976; Rajasekaran and Mullins 1979) . Since then, successful protocols for somatic embryo induction and its conversion into plants were developed for several Vitis vinifera L. cultivars (Rajasekaran and Mullins 1983; Mauro et al. 1986; Stamp and Meredith 1988; Mozsár and Viczián 1996; Nakano et al. 1997; Jayasankar et al. 1999; Cardoso et al. 2001; Martinelli et al. 2001; Leal et al. 2004; Cardoso 2006; Leal et al. 2006; Gambino et al. 2007; Pinto-Sintra 2007) . Among all the factors able to interfere with the success of these protocols, the physiological stage of the primary explants is probably the most important one.
The tetrad and the uninucleate stages of microspore evolution are usually reported as the most responsive ones for anther culture (Rajasekaran and Mullins 1979; Hirabayashi and Akihama 1982; Mauro et al. 1986; Salunkhe et al. 1999; Peixe et al. 2004) , but for carpels, clear and exhaustive information on optimal stages of physiological evolution is scarce. In fact, following ovule evolution is a difficult task and, perhaps, the main reason for the limited number of research trials performed using carpels as initial explants. Nevertheless, for some Vitis cultivars, data from the few trials using ovary culture revealed rates of somatic embryogenesis induction significantly higher than those achieved with anther culture and other explants like leaves and flower parts (Gray and Mortensen 1987; Nakano et al. 1997; Martinelli et al. 2001; Leal et al. 2004; Cardoso 2006; Leal et al. 2006; Gambino et al. 2007; Pinto-Sintra 2007) .
Observing the anther under a light microscope (after crushing them in acetic orcein) is a common procedure to follow microsporogenesis evolution, but it is extremely time-consuming, and a similar methodology cannot be used to follow macrosporogenesis since it destroys the ovary. To overcome these problems, researchers have made efforts to replace the destructive techniques of micro-and macrosporogenesis direct evaluation. By nondestructive procedures, researchers have been able to correlate this evolution with measurable parameters.
Concerning anther culture, these correlations had been tested for several species, grapevine included, with parameters such as the number of d before anthesis, the anther color and size, the anther and floral bud lengths, or the microsporogenesis developmental stage being used to select anthers at the most appropriated stage for embryogenesis induction (Mauro et al. 1986; Gray and Mortensen 1987; Stamp and Meredith 1988; Newton and Goussard 1990; Harst-Langenbucher and Alleweldt 1993; Mozsár and Süle 1994; Perl et al. 1995; Faure et al. 1996a, b; Nakano et al. 1997; Salunkhe et al. 1999; Gribaudo et al. 2000; Martinelli et al. 2000 Martinelli et al. , 2001 Gribaudo et al. 2004; Cardoso et al. 2009 ).
For ovary culture initiation, authors usually cite the number of d before flower anthesis or the anther color (Gray and Mortensen 1987; Mozsár and Süle 1994; Perl et al. 1995; Faure et al. 1996a, b; Nakano et al. 1997; Gribaudo et al. 2000; Martinelli et al. 2000 Martinelli et al. , 2001 , the floral bud length (Salunkhe et al. 1999) , the anther length (Mauro et al. 1986; Newton and Goussard 1990; HarstLangenbucher and Alleweldt 1993; Perl et al. 1995) , and the floral developmental stage (Gambino et al. 2007) .
To the best of our knowledge, correlations between micro-and macrosporogenesis evolutionary stages were never established and are extremely important for cultivars not responding to anther culture, as happens with the "Aragonez" (Cardoso 2006) . Looking for positive correlations between measurable morphometric parameters and macrosporogenesis evolution was the first goal of our research. The second goal was to test if these correlations allow ovary selection at the most appropriate stage to induce in vitro somatic embryogenesis.
Materials and Methods
Plant material. Seven-yr-old "Aragonez" plants (Figueiredo et al. 2007) , grafted on 99R rootstocks and field growing in southern Portugal (Alentejo, Montemor-o-Novo), were used in this study which was performed in two consecutive yr (2002 and 2003) . Plants were grown under the same soil and climate conditions and were submitted to similar cultural practices.
Study of microsporogenesis evolution. The inflorescences were collected from field-growing plants at three different developmental stages: "visible clusters", "separated clusters", and "separated floral buds", corresponding respectively to stages 12, 15, and 17 of the classification proposed by Eichhorn and Lorenz (1977) . It was assumed that all anthers enclosed in one flower bud carry microspores in the same developmental stage, and under this assumption, one anther from each flower bud was chosen for observation. Anther length and flower bud width and length were measured ( Fig. 1 ) using an Olympus® SZH10 stereo microscope equipped with a micrometer ocular.
Evolution of microsporogenesis was followed according to five pre-established developmental stages: mother cell (MC), pre-tetrad (PT), tetrad (TE), uninucleate microspore (UN), and binucleate microspore (BN; Fig. 2a-e) . The observations were made under a light microscope Olympus CX40 after crushing the anthers in acetic orcein staining (4 g/l). One thousand flower buds were used in the 2-yr trials, 200 for each stage of microsporogenesis.
Histological study of ovary evolution. To document possible correlations between micro-and macrosporogenesis evolution, a histological study of ovary evolution was also performed, taking as reference the microspore developmental stages previously established. Flower buds collected from the vineyard-growing plants were fixed in formalin 30%/glacial acetic acid/ethanol 70% (1:1:18) at 4°C for 72 h. The explants were dehydrated in a graded series of ethanol-10%, 30%, 50%, 70%, 80%, and 90% (20 min in each solution)-and then left overnight in 100% ethanol. This material was then passed through graded ethanol/xylol solutions (100% ethanol, 3:1, 1:1, 1:3, and 100% xylol) at room temperature and then in xylol/paraffin solutions (100% xylol, 1:1, and 100% paraffin) at 42°C. Finally, the material was embedded in liquid paraffin at 60°C for 2 d. Serial sections (5 to 6 μm) of the paraffinembedded material were obtained using a rotary microtome (MicroTec® Cut 4055). These sections were stretched on glass slides over a heating plate with a 5% formalin solution; adhesion of paraffin ribbons to the slides was accomplished by coating the slides with Haupt's adhesive (Haupt 1930) . The sections were then deparaffinized in two changes of xylene (30 min), hydrated in a graded series of decreasing EtOH concentrations (100%, 96%, 70%, 50%, and 30%, 5 min each) and finally in distilled water for 5 min. Slides were stained with Safranin O and Orange G according to Sharmans' procedure (Sharman 1943 ) and observed using a light microscope Olympus® CX40.
In vitro culture conditions. To evaluate if the capacity for somatic embryogenesis induction is on dependence of macrosporogenesis evolution, carpels were aseptically excised from flower buds on base of the correlations established and inoculated on Nitsch and Nitsch (1969) basal medium, supplemented with 2% sucrose, 100 mg/l of L-glutamine, 10 mg/l of L-phenylalanine, and 1 mg/l of adenine (induction medium). The auxin, 2,4-dichlorophenoxyacetic acid (2,4-D), and the cytokinin, 6-benzylaminopurine (BAP), were also added to culture medium in the following ratios: 15:1, 10:1, 5:1, 15:5, 10:5, and 5:5 μM. One gram per liter of hydrolysed casein was also added to the induction medium with the combination of 2,4-D and BAP 5:1 and 10:1. The media were solidified with Sigma-Phytagel (0.2%), and the pH was adjusted to 5.75 prior to autoclaving (121°C, 1 kg/cm 2 for 15 min). The cultures were kept at 28°C in the dark for 30 d. Six carpels were cultured on each Petri dish (6 cm diameter), with a total of 60 carpels used on each induction medium and a total of 480 carpels per physiological stage. Explants forming callus from all the experiments were transferred to fresh medium, with the basal composition of the induction medium, lacking L-phenylalanine and growth regulators and supplemented with 1 g/l of casein hydrolysed.
Data analysis. Numerical data were analyzed by ANOVA with the least significant difference (LSD) test being used for mean separation analysis (p<0.05). Whenever justified, a discriminant analysis was performed to evaluate both the quality of the homogeneous groups resulting from the ANOVA and the contribution of each morphometric parameter to the observed results. All the ANOVA and the correlation analysis were performed using the STATPACK 6.0 software, while discriminant analysis was made with the software SPSS version 12.0 for windows. 
Results
Selection of a morphometric parameter to follow the microsporogenesis. The first stage of anther development starts with the beginning of gametogenesis, when the division of a diploid sporophytic cell gives rise to the tapetal initial and sporogenous initial-pollen mother cell (Sanders et al. 1999) . At that stage (MC), which corresponds to inflorescences in stage 12 ("visible clusters"), the anthers present a green translucent color and an average length of 0.54 mm. The pollen mother cells present a polyedric form with a very condensed cytoplasm (Fig. 3a) . Before meiosis, cells surrounded by a callosic wall become individualized (Fig. 3b) . This developmental stage of microsporogenesis, named as PT, was found in inflorescences at stage 12. Macroscopically, anthers still present a green translucent color, but its average length increased to 0.73 mm.
The sporogenous cells undergoing meiosis give rise to four haploid cells. According to our observations, meiosis occurred during stage 15 ("separated clusters") of inflorescence development. The deposition of callose between the primary cellulose wall and the plasma membrane of each individual microspore occurs at the end of the cytokinesis, leading to tetrad formation. Each tetrad is enclosed in the callose wall of the microspore mother cell. The single microspores are also separated by a callose wall (Fig. 3c) . Anthers enclosing microspores in the TE stage still present a green translucent color, but their length increased in average to 0.81 mm.
In anthers reaching an average length of 0.88 mm, the microspores increase in volume, become spherical, and are released (Fig. 3d) . The thickness and complexity of the exine layer also increased (Fig. 3e) , and the cytoplasm presents a voluminous vacuole, characterizing this stage named UN (Fig. 3f, g ). The UN stage was identified in stage 15 of inflorescence development. The microspore nucleus, which remained in a central position during the TE stage, migrates to the cell periphery and is positioned near the plasma membrane (Fig. 3g) . According to Sanders et al. (1999) , the UN stage corresponds to the second phase of the anther development. The microspores differentiate into pollen grains, the filament elongates, the anther enlarges and expands, cell degeneration occurs, and the anther enters a dehiscence program that ends with flower opening (Goldberg et al. 1993) .
At the cortical position, the spore nucleus undergoes a mitotic division, resulting in a bicellular pollen grain containing a small generative cell and a large vegetative cell-BN stage (Fig. 3h, i) . Vacuoles formed during the microspore stage are reabsorbed, and the vegetative nucleus migrates to the center of the cell. The generative cell, initially appressed to the plasma membrane, acquires, before shedding, a central position in the vegetative cell, close to the vegetative nucleus. This microspore developmental stage was identified at stage 17 ("separated flower buds"). Anthers containing binucleate microspores are yellow with an average length of about 1.03 mm.
The anthers showed an increase in length from 0.49 mm (inflorescences in stage 12 and anthers with translucent green color enclosing microspores in the MC stage) to 1.03 mm (inflorescences in stage 17 and anthers with yellow color, enclosing microspores in the BN stage). During the same period, the floral buds increased from a mean value of 1.14× 1.26 mm (length×width) to 1.72×1.82 mm (Fig. 2f) , which seems to be related with ovary and anther growth (Fig. 2g) . The correlation analysis between the flower bud dimensions and the stage of microsporogenesis revealed a correlation coefficient of 0.80 for bud width and 0.83 for bud length. Nevertheless, the highest correlation coefficient between the microsporogenesis stages and the morphometric parameters was observed for anther length (r=0.90; Table 1 ). The ability of anther length to discriminate the different stages of microsporogenesis becomes evident in Fig. 4 , in which a mean separation analysis using the LSD test allows significant different anther lengths to the five stages of microsporogenesis. This separation was consistent for the 2-yr trials since no significant differences were observed for the interaction between these two main variables (Table 2 ). Macrosporogenesis and its relation with microsporogenesis. To evaluate a possible synchronization between microand macrosporogenesis evolution allowing the use of the same morphometric parameters to follow macrosporogenesis evolution, serial sections of flower buds collected at the five anther development stages were observed under a light microscope. Morphological development of the ovule starts with the formation of a small conical protuberance from the placenta (Fig. 5a) stage, named as I in these trials. Still, before the microspores have reached the TE developmental stage, young ovules were already formed within the nucellus, and the two integuments start developing. At this stage, it is possible to identify the funiculus as a stalk-like structure, which harbors the vascular strand and connects the ovule to the placenta (Fig. 5b) . This was named as stage II.
In stage III, the primordium reaches its proximal-distal extension, and the inner and outer integuments start a sequential development from the chalazal region. First, the inner integument initiates as a collar around the chalaza (Fig. 5c, d) . This is the ovule developmental stage better correlated with the TE stage of microsporogenesis. Secondly, the outer integument initiates its development from the abaxial side of the primordium, which is the side toward the base of the gynoecium (Fig. 5e ). This developmental stage of the ovary, named as IV, corresponds to the UN stage of microspore development.
The outer integument initiation at the chalaza is the first morphological evidence that adaxial-abaxial polarity establishment has occurred, and the radially symmetrical primordium has switched to bilateral development (Baker et al. 1997) . At this developmental stage, which corresponds to the BN stage of microspores, the ovule assumes the anatropous position. The micropyle, faced downward and placed near the base of the funiculus (Fig. 5f, g ), represents the ovule developmental stage named as stage V.
Applicability of the morphometric parameter to selected carpels and its relation with somatic embryogenesis induction capacity. Carpels in five physiological stages (stages I, II, III, IV, and V), selected according to anther length, were established in vitro for somatic embryogenesis induction. Two wk after inoculation, the development of calluses was observed in the receptacle region, and 3 wk later, it was possible to observe embryogenic calluses with a granular appearance and pale white color (Fig. 6a) . Two wk after the transfer of embryogenic ovary-derived calluses to embryogenic medium, white globular somatic embryos were visible in the surface of these calluses, which developed asynchronously and passed through the globular, heart, torpedo, and cotyledonary stages (Fig. 6b) .
Callus formation occurred on all ovary developmental stages, but the efficiency of embryo formation from ovaryderived calluses was highly dependent on the physiological Figure 6 . Somatic embryogenesis induction in carpels. (a) Embryogenic calluses developed in the receptacle region; (b) somatic embryos in different developmental stages provided from the embryogenic calluses in embryogenic medium under 16-h photoperiod. The ovary is identified by the arrow; ec embryogenic calluses. Bar=1,000 μm. stage and on the culture medium composition. Both parameters had a significant effect on differentiation of somatic embryos, but the interaction between both factors was not significant (Table 3) . However, the efficiency obtained in stage I was notably higher than those obtained in all the other developmental stages, as confirmed by the ANOVA analysis (Table 4 ). An average of 6% of the explants forming somatic embryos and a maximum of 13.35% carpels in stage I of macrosporogenesis proved to be the best explants, with significant statistical differences from all the other evolutionary stages tested. Concerning the auxin/cytokinin ratios, the highest value of explants forming somatic embryos was obtained in medium with 5 μM 2,4-D and 1 μM BAP, with an average of 6.47% of the explants forming somatic embryos (Table 4 ). The 5:1 ratio conducted to results significantly higher than most of the other ratios tested independently of the ovary physiological stage used for in vitro culture establishment (Table 4) .
Source of variation
The presence of the hydrolysed casein, compared with the results obtained in the media with the same growth regulators combination, had a negative effect on the embryogenesis. Low embryogenesis rates were obtained in these media, in the physiological stages I, II, III, and IV. Only in the physiological stage V, the less responsive in general, did the presence of hydrolysed casein have a positive effect (Table 4) .
Discussion
According to Koltunow et al. (1990) or to Scott et al. (1991) , the developmental events leading to anther formation and pollen release are exquisitely timed and choreographed. According to the same authors, cell differentiation and dehiscence events occur in a precise chronological order which correlates with size of floral bud.
Considering the correlation values obtained in the present study, even though a certain level of asynchrony exists among buds of the same length, we can consider floral bud size to be used as a first criterion for selection of anthers in a specific developmental stage. Buds with an average length of 1.55 cm should contain anthers enclosing uninucleate microspores, reported in Vitis as the most responsive to somatic embryogenesis stimulus (Rajasekaran and Mullins 1979; Hirabayashi and Akihama 1982; Mauro et al. 1986; Salunkhe et al. 1999) . This correlation between the anther developmental stage and the flower bud size was also reported for other species such as tobacco (Kasperbauer and Wilson 1979) , tomato (Summers et al. 1992) , Brazilian soybean (Lauxen et al. 2003) , and apricot (Peixe et al. 2004) . In species such as Vitis latifolia L. (Salunkhe et al. 1999) , Bixa orellana L. (Michelangeli et al. 2002) , and Lycopersicon esculentum (Summers et al. 1992) , positive correlations between microspore developmental stages and anther length were also reported.
Correspondences between microsporogenesis and inflorescence developmental stages in the important Iberian grapevine cv. "Aragonez" were established. As reported by Lebon et al. (2004 Lebon et al. ( , 2005 , working with the cultivars "Pinot Noir" and "Gewurztraminer", as well as with "Aragonez", the UN stage was identified in stage 15, and the BN stage was identified at stage 17 of inflorescence development.
The correlation between micro-and macrosporogenesis development was observed in the second-year trials. The establishment of this correlation is extremely important for induction of in vitro somatic embryogenesis of cultivars not responding to anther culture and can now be used as an indirect nondestructive methodology to track ovule develop- N number of cultured carpels ment in field-grown plants of the grapevine cultivar "Aragonez" and for the climatic conditions of Alentejo. For other cultivars and localizations, the same correlation may possibly exist, but it always needs confirmation case by case. Knowing from previous trials that the "Aragonez" cultivar is recalcitrant to somatic embryogenesis from stamen culture, only one reactive stamen from the 7,350 in vitro cultured among the five evolutionary stages described for microsporogenesis (Cardoso 2006) focused our attention on trials to test ovary culture as an alternative for somatic embryogenesis in this grapevine cultivar. The carpels were in vitro cultured on a base of the pre-established correlations between micro-and macrosporogenesis to test the importance of the evolutionary stage of the explants. Several ratios of auxin/cytokinin were tested as well.
The relation between the morphogenic capacity of the tissues and its evolutionary stage was already pointed by Emons (1994) . According to this researcher, the capacity of the explants to change its evolutionary pathway decreases with its stage of differentiation. This seems to be true, both for stamen, in which the tetrad and the uninucleate stage are presented as the most reactive ones (Rajasekaran and Mullins 1979; Hirabayashi and Akihama 1982; Mauro et al. 1986; Salunkhe et al. 1999) , and for carpels, as we have just reported.
Concerning the auxin/cytokinin ratios, with an average of 6.47% of the explants forming somatic embryos, the 5:1 ratio conducted to results significantly higher than most of the other ratios tested. Similar results were reported in Vitis, but for trials with stamen culture (Mauro et al. 1986; Mozsár and Süle 1994; Bensaad and Hennerty 1996; Faure et al. 1996a, b) and for ovary culture, most of the succeeding trials made with grapevine used higher concentrations of growth regulators of 9:1 to 9:4 auxin/cytokinin ratios (Kikkert et al. 2005; Motoike et al. 2001) . The differentiated response to the growth regulator concentrations confirms the influence of the genotype and the explant evolutionary stage as the major factors on these approaches for somatic embryogenesis induction.
Conclusion
High positive correlations were established among the flower bud dimensions, the anther length, and the developmental stages of both macro-and microsporogenesis. Several authors already reported on correlations between anther characteristics and microspore development; however, at the best of our knowledge, this is the first time that correlations between micro-and macrosporogenesis developmental stages were successfully achieved and documented with a histological study. Significant data on somatic embryogenesis induction from in vitro ovary culture were also presented, proving that precise tracking of ovule development and adequate auxin/cytokinin ratios are fundamental conditions to achieve reliable protocols for in vitro induction of somatic embryogenesis using female gametophytes.
